ABSTRACT Studies were conducted with the codling moth granulosis virus (CpGV) to evaluate whether adding the yeast Saccharomyces cerevisiae Meyen ex E. C. Hansen with brown cane sugar could improve larval control of Cydia pomonella (L.). Larval mortalities in dipped-apple bioassays with S. cerevisiae or sugar alone were not significantly different from the water control. The addition of S. cerevisiae but not sugar with CpGV significantly increased larval mortality compared with CpGV alone. The combination of S. cerevisiae and sugar with CpGV significantly increased larval mortality compared with CpGV plus either additive alone. The addition of S. cerevisiae improved the efficacy of CpGV similarly to the use of the yeast Metschnikowia pulcherrima (isolated from field-collected larvae). The proportion of uninjured fruit in field trials was significantly increased with the addition of S. cerevisiae and sugar to CpGV compared with CpGV alone only in year 1, and from the controls in both years. In comparison, larval mortality was significantly increased in both years with the addition of S. cerevisiae and sugar with CpGV compared with CpGV alone or from the controls. The numbers of overwintering larvae on trees was significantly reduced from the control following a seasonal program of CpGV plus S. cerevisiae and sugar. The addition of a microencapsulated formulation of pear ester did not improve the performance of CpGV or CpGV plus S. cerevisiae and sugar. These data suggest that yeasts can enhance the effectiveness of the biological control agent CpGV, in managing and maintaining codling moth at low densities.
glutamate, and the amino acid, L-aspartate (Ballard et al. 2000a; Brown 2002, 2014) . However, only the sugary additives have been tested with CpGV and only in a limited field trial (Ballard et al. 2000b) .
The ecological association of codling moth and epiphytic yeasts in the genus Metschnikowia (Ascomycota, Saccharomycetes) recently documented in apple, Malus domestica Bordhausen, may create new opportunities to develop applied management tools (Witzgall et al. 2012) . Two closely related species, M. pulcherrima Pitt and Miller and M. andauensis Molnár and Prillinger, were found in all codling moth larval feeding galleries and from apple flowers sampled from Sweden. Similarly, M. pulcherrima was found in the guts of codling moth larvae collected from three apple orchards in Washington State, USA (Witzgall et al. 2012) . These insect-microbe associations were termed mutualistic, as feeding galleries created by codling moth larvae were colonized by the yeasts and larval mortality was reduced and larval development was accelerated in yeastcolonized fruits (Witzgall et al. 2012 ). In addition, yeast volatiles elicited upwind female moth flight and female moths laid more eggs on surface-treated fruits. However, other microorganisms were also isolated from codling moth larval galleries in apple in the United States, including two species of Cryptococcus yeast (Basidiomycota, Tremellomycetes) and the yeast-like fungus Aureobasidium pullulans (de Bary) Arnaud (Ascomycota, Sordariomycetes). This broader finding suggests that the association of codling moth with yeast is general and opportunistic and likely refines the search and acquisition of high-quality feeding and oviposition sites for this important pest.
Consideration of the nutritional services provided by yeasts colonizing the surface and interior of larvalinfested fruits creates an opportunity to improve the efficacy of CpGV for codling moth (Knight and Witzgall 2013) . Laboratory assays and a field trial in this study clearly demonstrated that combining M. pulcherrima and brown cane sugar with CpGV significantly increased larval mortality and lowered the proportion of injured fruits. These results suggested that further testing of commercially available yeasts with CpGV should be conducted.
Saccharomyces cerevisiae Meyen ex E. C. Hansen (Ascomycota, Saccharomycetes) is the most common commercially available yeast and has a long history of use in brewing and baking industries (Legras et al. 2007) . S. cerevisiae has also been widely studied as a model eukaryotic microorganism and is used in various aspects of biotechnology (Ostergaard and Nielsen 2000) . Wild strains of S. cerevisiae have been found in North America from the bark of deciduous trees, grapes, and wild fruits, and drosophilid flies (Charron et al. 2013 ). S. cerevisiae, similar to Metschnikowia and Cryptococcus species, has been evaluated as a potential biocontrol agent for postharvest fruit rots, such as the blue mold, Penicillium expansum Link, in tree fruits and grey mold, Botrytis cinerea (De Barry) Whetzel, in grape (Sharma et al. 2009 , Schisler et al. 2010 ). This combined wealth of knowledge and breadth of on-going studies with S. cerevisiae suggests that its potential use as a feeding stimulant and adjuvant for insecticides used for codling moth management should be explored. Hughes et al. (2003) were the first to suggest that kairomones could be used to disorient codling moth larvae from locating fruits and increase exposure times to pesticide residues, natural control agents, and abiotic factors. Because Ballard et al. (2000a) showed that the lethal effect of CpGV was correlated with the amount of time larvae spent walking on residue-treated surfaces even without associated feeding, other research has investigated host plant volatiles that affect larval searching behaviors as possible additives for CpGV. Specifically, the host plant volatiles, pear ester, ethyl (2E, 4Z)-2,4-decadienoate and (E,E)-a-farnesene are attractive to codling moth neonates and are potential candidates that might improve insecticide performance (Sutherland and Hutchins 1972, Knight and Light 2001) . The addition of a-farnesene did not reduce the lethal exposure time for CpGV in the laboratory, but did significantly reduce the occurrence of fruits with deep entries in a field trial (Ballard et al. 2000b) . Unfortunately, commercial development of a a-farnesene bait is unlikely due to its chemical instability (Anet 1969) . In contrast, the behavioral effects imposed by pear ester on codling moth larvae and its chemical stability has allowed the development of a microencapsulated formulation (Knight and Light 2001) . Pear ester sprayed on apple leaves significantly increased periods of codling moth larval arrestment and disrupted their natural searching behavior for fruit (Light and Beck 2012) . Pear ester has been effective in improving some conventional insecticides used in apple and walnut Knight 2011, Knight and Light 2013) . In contrast, pear ester has been relatively inconsistent in preventing fruit injury when added to CpGV in both apple and pear (Pasqualini et al. 2005 , Arthurs et al. 2007 , Schmidt et al. 2008 . However, the addition of pear ester to CpGV did significantly reduce nut injury in walnuts where superficial feeding does not affect nut quality (Light and Knight 2011) .
Herein, we report laboratory and field evaluations of a commercial isolate of S. cerevisiae used in combination with brown cane sugar to enhance the toxicity of CpGV. Laboratory studies compared the relative effectiveness of S. cerevisiae and a strain of M. pulcherrima, isolated from codling moth alimentary canals (Witzgall et al. 2012, Knight and Witzgall 2013) . Field trials conducted over two years evaluated the effectiveness of adding S. cerevisiae with sugar in seasonal programs with CpGV in apple. The combination of adding S. cerevisiae with sugar plus a microencapsulated formulation of pear ester to CpGV sprays was evaluated in the first field season. C. Prior to use in the bioassays, apples were sterilized with 5% NaOH in a 3-liter beaker for 25-30 min. Apples were then dried and rinsed with 70% EtOH and again dried with a paper towel. Apples were then rinsed one final time with distilled water and air dried.
Treatments evaluated included a water control; dark brown cane sugar (referred to as 'sugar'), yeast, and CpGV applied alone; CpGV plus sugar; CpGV plus yeast; and CpGV plus sugar and yeast. Cane sugar (C&H Dark Brown Cane Sugar, Domino Foods, Yonkers, NY) was tested at two rates, 1.2 or 3.6 g liter
À1
, and yeasts were tested at only the higher rate. S. cerevisiae was provided by Red Star (Milwaukee, WI) as a 454 g compressed cake. M. pulcherrima was grown on YPD medium (YPD Broth Mix, Research Products International, Mt. Prospect, IL) containing 10.0 g yeast extract, 20.0 g dextrose, and 20.0 g peptone liter À1 with purified water (18.2 ohms). The densities of yeast cells for both species when resuspended in 500 ml water was estimated with a hemacytometer (EMS, Hatfield, PA) to be between 6 Â 10 7 and 10 8 cells ml
. Yeasts were stored at 5 C up to 14 d prior to use. CpGV (Cyd-X, Certis, Columbia, MD) was tested in the laboratory at a single rate, 3.8 Â 10 7 occlusion bodies liter À1 (78.2 ml Cyd-X liter
).
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Bioassays were conducted with sterilized apples dipped five times into a 500-ml volume of a treatment solution and placed on a paper towel in a fume hood to dry. A gelatin capsule (#00, 8.0 mm diameter, Snap-fit, Ted Pella Inc., Redding, CA) was attached with paraffin to the shoulder of each fruit. One end of the capsule was cutoff with a razor blade and the second part of the capsule was then slid over the cut end. One black-headed codling moth egg on a <15 mm 2 piece of wax paper was placed with forceps inside each gelatin capsule next to the fruit and the capsule was closed. Apples were placed inside of 350-ml clear plastic cups and closed with a lid. Each replicate included 10 gelatin capsule assays, and the number of replicates for each treatment ranged from four to eight among experiments. Cups were placed in a room maintained at 25 C for 14 d. The larva was collected from each apple and scored as alive or dead.
Two bioassays were conducted. Treatments in the first bioassay included water alone, CpGV alone, CpGV with either sugar or S. cerevisiae, and CpGV with both sugar and S. cerevisiae. Both the sugar and yeast were tested at 3.6 g liter
À1
.Treatments included in the second bioassay were water and CpGV alone, and CpGV plus sugar with either S. cerevisiae or M. pulcherrima. Yeasts were tested at 3.6 g liter À1 and sugar was added at 1.2 g liter À1 .
Field Studies. A completely randomized study with 10 single-tree replicates of various treatments were conducted in apple at the USDA Research Farm during 2012 and 2013. Orchards were planted on a 3.7 Â 5.5 m (within Â between) row spacing at 500 trees ha
. Mean tree canopy height was 2.7 m. No other sprays, including fungicides were applied to orchard plots in either year. Replicates were separated by 11 m to minimize spray drift. All sprays were applied under low wind conditions with a gasoline-engine powered, diaphragm-pump sprayer (Rear's MFG, Eugene OR) at 689 kPa with a handgun sprayer equipped with a D-6 nozzle (GunJet, Model 43, TeeJet Technologies, Wheaton, IL). The sprayer was rinsed and cleaned between treatment applications. Cardboard bands were stapled around the base of the main trunk of all trees in early August and collected in mid-October to assess the overwintering density of mature larvae on trees. All fruits were picked from the replicate treatment trees in mid-September and transported to the laboratory where they were stored at <5 C for up to 1 month until inspected for injury. Fruit were classified as free of injury (clean) or injured by codling moth. A subsample of 30 codling moth-injured fruits was selected from each replicate tree to examine the proportion of larval mortality. Fruit were dissected and recovered larvae were scored as live or dead. Shallow feeding marks (<0.6 cm) on fruits (unless a live larva was recovered) were scored as a dead larva. Larval exit holes in fruit were scored as a live larva.
The study in 2012 was conducted in adjoining (20 m separation) 0.4 ha blocks of 'Delicious' and 'Golden Delicious'. Five replicates of each cultivar were included in each treatment. Treatments included an untreated control, CpGV (Cyd-X, 3.8 Â 10 7 occlusion bodies liter
) applied alone and with a microencapsulated formulation of pear ester (1.48 g AI ha
, Cidetrak DA-MEC, Trécé Inc., Adair, OK). CpGV with and without pear ester was also sprayed with S. cerevisiae and sugar. Sprays were applied on 10 dates: 15, 22, and 29 June; 6, 13, and 27 July; 7, 17, and 27 August; and 6 September. CpGV was applied at 3.8 Â 10 7 occlusion bodies liter À1 (78.0 ml Cyd-X liter
). The rate of the CpGV was increased 3-fold on the last three spray dates due to concern about the level of fruit injury observed at mid-season. Both the sugar and S. cerevisiae were applied at 3.6 g liter
. Sprays applied through 13 July 2012 were applied at 1.2 liter per tree (623 liter ha
). This spray rate was increased to 1.9 liter per tree (935 liter ha À1 ) beginning on 27 July to improve coverage.
The field trial in 2013 was conducted only in the 0.4 ha 'Delicious' block due to the lack of fruit in the 'Golden Delicious' block. Nine replicates of three treatments were randomized in this block: a water control, CpGV (Cyd-X HP [Certis Inc.] ) at 1.9 Â 10 7 occlusion bodies liter À1 (39.0 ml Cyd-X HP liter
), and CpGV plus 3.6 g liter À1 yeast and 1.2 g liter À1 sugar. A water control was used to account for any physical displacement of pests that may occur from spray applications. Sprays were applied on 12 dates: 28 May; 6, 13, and 21 June; 2, 12, 17, and 26 July; and 5, 13, 22, and 31 August.
Statistical Analyses. Laboratory and field data were summarized for the proportion of fruit without codling moth injury and the proportion of dead larvae. The number of larvae collected per cardboard band placed on each tree was recorded for the field tests. Count and proportional data were transformed (square root and arcsine [square root], respectively) prior to analysis of variance (ANOVA). Data were analysed with the Shapiro-Wilks test of normality (Statistix 9, Analytical Software, Tallahassee, FL). If data were not normalized with these transformations then data were analysed with the nonparametric Kruskal-Wallis ANOVA of ranks. Means were separated in significant ANOVAs at P < 0.05, Tukey's test.
Results
Laboratory Bioassays. No direct toxic effects against larvae were found in assays in which fruit were dipped in water, or aqueous solutions of sugar or S. cerevisiae (mean proportional mortalities < 0.10). All CpGV treatments had significantly higher levels of larval mortality compared with the water control (Fig.  1A) . The addition of sugar to CpGV did not significantly increase levels of larval mortality compared with CpGV. Conversely, the addition of S. cerevisiae to CpGV significantly increased larval mortality compared with CpGV alone. The addition of S. cerevisiae with sugar to CpGV further increased the level of larval mortality achieved with CpGV plus S. cerevisiae. Only the addition of both S. cerevisiae and sugar to CpGV significantly increased the proportion of uninjured fruits compared with the water control (Fig. 1B) . None of the supplemented CpGV treatments had a significantly higher proportion of uninjured fruits compared with CpGV alone.
The addition of either S. cerevisiae or M. pulcherrima in combination with sugar to CpGV significantly increased larval mortality compared with the use of CpGV alone ( Fig. 2A) . Similarly, the addition of yeasts with sugar to CpGV also significantly increased the proportion of uninjured fruit compared with the water control, but not from the use of CpGV alone (Fig. 2B) . The mean proportions of larval mortality and clean fruit in bioassays were slightly higher with M. pulcherrima than S. cerevisiae when added with sugar to CpGV, but these differences were not significant (Fig. 2) .
Field Trials. Significant differences in the proportion of larval mortality were found among treatments in both years (Table 1 ). The proportion of larval mortality was significantly higher in 2012 with the addition of S. cerevisiae and sugar to CpGV compared with CpGV alone. The addition of pear ester in 2012 did not improve the performance of either CpGV or CpGV plus S. cerevisiae and sugar. Similarly, in 2013 the addition of S. cerevisiae and sugar to CpGV significantly increased larval mortality compared with CpGV alone. 7 occlusion bodies liter À1 alone or in combination with either brown cane sugar (S) or Saccharomyces cerevisiae (Sc) alone or together at 3.6 g liter À1 .
Significant differences in the proportion of injured fruits were found in both years among treatments (Table 1) . Three treatments in 2012, CpGV plus pear ester and the two CpGV treatments with S. cerevisiae and sugar and with or without pear ester, had a higher proportion of clean fruit than the untreated control. However, only CpGV with S. cerevisiae and sugar had significantly greater proportion of clean fruit than the CpGV alone treatment. CpGV plus S. cerevisiae and sugar significantly increased the proportion of uninjured fruits compared with the water control in 2013. CpGV alone produced an intermediate level of clean fruit among treatments (Table 1 ).
The densities of codling moth larvae collected from cardboard banks placed on tree trunks varied among treatments in both years (Table 1) . Significantly fewer larvae were collected per tree from the three treatments of CpGV with either S. cerevisiae and sugar, pear ester, or the two additives together than from the untreated control following the 2012 season. The mean density of larvae overwintering in the CpGV alone treatment was intermediate. Similarly, the seasonal program of CpGV plus S. cerevisiae with sugar allowed significantly fewer overwintering larvae than the water control, and the CpGV treatment again had an intermediate density in 2013. 
Discussion
Laboratory and field results reported here with S. cerevisiae support our previous data with several other species of yeasts isolated from coding moth larvae and feeding sites that adding living yeasts with sugar can increase feeding and insecticide ingestion by codling moth larvae before they penetrate the skin of the fruit (Knight and Witzgall 2013) . Fortunately, the combination of living yeasts with a microbial insecticide can overwhelm the positive affects seen for larvae feeding on yeasts, i.e. lower mortality and faster development (Witzgall et al. 2012) . These findings are important because efforts to increase the characteristic minimal level of larval feeding of codling moth prior to their penetration of the fruit's skin could strongly impact the designs of integrated pest management programs in both organic and conventional pome fruits (Croft and Bode 1982) .
The increase levels of larval mortality and fruit protection in CpGV assays with S. cerevisiae were similar to previously published data with yeasts isolated from codling moth larvae and from feeding sites (Knight and Witzgall 2013) . This combined data set shows that larval mortality on fruits treated with CpGV plus yeast and brown cane sugar can be increased significantly compared with CpGV alone. However, the proportional increases in the level of uninjured fruits with adding yeast and sugar to CpGV were not always significantly greater than with CpGV alone in either laboratory or field trials. Data collected in a previous field trial in the 1980s with noncommercial, impure, and pure batches of CpGV suggested that the addition of sugary baits alone could enhance the efficacy of the virus (Ballard et al. 2000a ). However, these data were not fully analyzed, not well replicated, and conducted with low pest pressure, i.e. the proportion of fruit injury in the untreated control was <0.02 (Ballard et al. 2000b ).
Our more recent laboratory assays with surfacesterilized fruits have shown that the addition of brown cane sugar alone to CpGV provides a marginal, nonsignificant increase in larval mortality (Knight and Witzgall 2013) . Reconsideration of the older data also raises the question as to whether the use of the sugary adjuvants with CpGV subsequently promoted the growth of yeasts or other microbes (outbreaks of the sooty mold, Cladosporium sp. on treated fruits was a problem) that had a primary role in the increased level of activity of the virus (Ballard et al. 2000b) .
Rates of CpGV used in our studies were deliberately much lower than the maximum label rates of each product in an attempt to characterize the effect of adding the yeasts and sugar (Agrian Labels 2013). Our field results clearly demonstrated that seasonal CpGV programs at low rates are not effective in protecting fruits in apple when pest pressure is very high. Yet, the significant reductions in the intergenerational rate of population growth (i.e., larval density in cardboard bands placed around tree trunks) that occurred with the addition of S. cerevisiae and brown cane sugar to CpGV suggests that repeated use of CpGV with these adjuvants in combination with another technology, such as sex pheromones for mating disruption, could more rapidly lower and sustain subeconomic levels of codling moth fruit injury more effectively than CpGV alone.
The similarity of results among several yeast species added with sugar in bioassays with CpGV suggest that codling moth's association with yeasts is probably general and opportunistic. It remains unclear how active yeasts affect the feeding behavior of codling moth larvae. A relatively large number of headspace volatiles eliciting an antennal response in adult codling moth were found for two species of Metschnikowia yeasts growing on minimal growth media (Witzgall et al. 2012 ). The volatiles were largely phenols and ) was applied alone and with S. cerevisiae and brown cane sugar on 15, 22, and 29 June; 6, 13, and 27 July; 7 17, and 27 August, and 6 September, 2012. The rate of CpGV was increased 3-fold on the last three spray dates. Both the sugar and S. cerevisiae were applied at 3.6 g liter
À1
. Sprays through 13 July were applied at 1.2 liter per tree (623 liter ha
). This spray rate was increased to 1.9 liter per tree (935 liter ha À1 ) beginning on 27 July to improve coverage. The untreated control trees were not sprayed. b CpGV (39.0 ml Cyd-X HP liter
) was applied alone and with S. cerevisiae and brown cane sugar on 28 May; 6, 13, 21 June; 2, 12, 17, and 26 July; and 5, 13, 22, and 31 August, 2013. The sugar and S. cerevisiae were applied at 1.2 and 3.6 g liter
, respectively. Sprays were applied at 1.9 liter per tree (935 liter ha À1 ). Water alone was applied to the control trees.
terpenoids commonly identified from yeasts, and the two species differed primarily in the relative proportions of compounds in the blend. There are thousands of strains of S. cerevisiae and studies detailing their volatile profile have typically used grapes or other fruit substrates (Legras et al. 2007 ). The antennal response of codling moth larvae to host or microbial volatiles has not been reported. Thus, much further research is needed on larval attraction to yeast volatiles and the phagostimulatory behaviors evoked by these chemicals to select the most effective strains of yeast for future use in pest management.
Similar to the results reported in several previous studies the addition of pear ester did not significantly improve the activity of CpGV in apple (Arthurs et al. 2007 , Schmidt et al. 2008 . Also, no benefit was observed from spraying CpGV with both pear ester and S. cerevisiae with sugar. This suggests that the behavioral stimulation of larval feeding by the yeast and sugar is not synergized by the enhanced larval wandering on the host achieved by spraying pear ester (Light and Beck 2012) . In contrast with CpGV, pear ester has improved the efficacy of several conventional classes of insecticides in apple, including organophosphates, neonicotinoids, diacylhydrazines, spinosyns, and diamides (Knight and Light 2013) . We speculate that an additive effect from combining pear ester with yeast and sugar could provide significantly improved levels of insecticide-based codling moth management. Increased efficacy of insecticides with the addition of these baits could allow growers to use reduced rates which could then minimize the disruption of biological control activity in the orchard and the overall cost for pest management (Knight and Light 2013) . The amino acid Laspartate was recently shown to improve the efficacy of conventional insecticides for codling moth over a 3-yr period (Pszczolkowski and Brown 2014) . Further studies should evaluate combinations of feeding attractants, such as yeasts or L-aspartate in combination with pear ester with selective conventional insecticides. In addition, the relative efficacy of preventing fruit injury with both feeding and locomotory stimulants should be compared separately for codling moth larvae which eclosed on or nearby fruit. For example, the significant increase in the proportion of codling moth eggs laid on fruit later in the season could translate to using these baits earlier versus later in the season because neonates have to presumably move farther over insecticide residues when walking from foliage to fruits (Summerland and Steiner 1943, Jackson 1979) .
